INTRODUCTION
in some studies [15, 16] , but not in others [17, 18] .
Retinoic acid either decreases or increases EGF-stimuRetinoids are a class of drugs, modeled after retinoic acid, lated growth and EGF-R expression depending on the cell that have demonstrated promise as chemotherapeutic agents line and culture conditions [19] [20] [21] [22] [23] . HPV-containing cell for the prevention and treatment of several types of cancer lines overexpress EGF-R and are more sensitive to retinoids including cancer of the cervix [1] [2] [3] [4] [5] [6] [7] . World-wide, cervix than normal cells [24] [25] [26] [27] . In human ectocervical epithelial cancer is the number one cause of cancer death in women, (ECE) cells immortalized with HPV 16 (ECE-16), retinoids inhibit growth and decrease EGF-R numbers to levels similar malignant lesions and dysplasias of the cervix by topical 2 To whom reprint requests should be addressed at Department of Obstet-retinoic acid [3] [4] [5] [6] [7] as well as the regression of cervical of retinoic acid however is hindered by significant toxicity acid was dissolved in dimethyl sulfoxide (DMSO). Retinoids were added to the media from 10001 stocks. Control cul- [28] . Attempts to improve the therapeutic index of retinoid treatment have been made by developing selective retinoids tures were treated with the same volume of the appropriate solvent. The final concentration of solvent in all cultures that specifically activate individual retinoic acid receptors. The effectiveness of this approach can be improved by in-was 0.1%, which is not cytotoxic. Media and retinoids were replenished every 2 days. creasing our understanding of the receptors expressed in cervical tumor cells and their response to retinoid treatment.
Reverse-Transcriptase Polymerase Chain Reaction The cellular molecules which bind retinoids consist of (RT-PCR) cytoplasmic retinol and retinoic acid binding proteins, CRBP and CRABP, respectively, as well as two kinds of nuclear RNA was isolated using the Chomczynski/Sacchi method retinoic acid receptors, RAR and RXR [29, 30] . Both RARs [41] and cDNA was synthesized with SuperScript reverse and RXRs have three subtypes, a, b, and g, that are encoded transcriptase (GibcoBRL, Gaithersburg, MD) according to by separate genes. The natural ligands which bind to these manufacturer's instructions. Except for the annealing temreceptors are all-trans retinoic acid, which binds to all three peratures and primers listed in Fig. 1 , all PCR were perRARs but not the RXRs, and 9-cis retinoic acid, which binds formed under the same conditions in a 50-ml reaction conto both the RARs and the RXRs [31, 32] . RARs function as taining 5 ml cDNA from reverse transcription, 1.25 U of heterodimers with RXRs, while RXRs can form homodimers Taq DNA polymerase, and the buffer provided. Initial denawith other RXR molecules and heterodimers not only with turation was performed at 94ЊC for 5 min; followed by 35 RARs [29, 30, 33 ], but also with other homologous nuclear cycles of 45 sec at 94ЊC, 45 sec at the indicated annealing ligand receptors including the thyroid hormone receptors temperature, and 1 min at 72ЊC; and ending with one 5-min (TRa and TRb) [29] , the vitamin D receptor (VDR) [29] , cycle at 72ЊC. The primer sequences were manually selected the peroxisome proliferator-activated receptor a [34], and to amplify contiguous regions of the genes separated by several orphan receptors [35, 36] .
introns. Except for the retinoid X receptor a (RXRa) primThe retinoic acid receptor dimers regulate gene expression ers, all sense primers anneal to the C (DNA binding) domain by binding to specific DNA sequence elements found in and all anti-sense primers anneal to the D (hinge) domain. retinoid-responsive gene promoters. Each retinoic acid re-The reaction conditions that eliminated amplification of nonceptor appears to regulate a different subset of genes [37, specific receptor sequences were determined by varying the 38]. Retinoids modulate the activity of the receptors and annealing temperatures in reactions containing 5 ng of thereby the expression of genes containing the specific DNA cDNA clones. Several RXRa primers designed in this mansequence elements termed retinoic acid responsive elements ner exhibited nonspecific amplification of other receptor se-(RAREs). The RAREs consist of direct repeats of the con-quences; therefore, a different strategy was used to design sensus sequence purine GG(T/A)CA separated by 1 to five specific primers for this gene. The primer set for RXRa was base pairs [29, 30] . Several natural cis-acting DNA elements designed to amplify a 400-base pair unique region spanning which confer responsiveness to retinoic acid have been iden-from the initiation codon to the C domain; this is a region tified in mammalian genes [29, 30, 39] .
which is not homologous with other receptor genes. The The objective of this study was to determine if cultured amplified product was tested for specificity by digestion of cells representative of a low grade cervical carcinoma, CC-the PCR product with the PvuII restriction enzyme which 1, can display biologically relevant responses to retinoids cuts the specific band at one unique site resulting in two that correlate with receptor activity [40] .
bands of 142 and 258 base pairs. All experiments were repeated at least twice and the same results were obtained.
MATERIALS AND METHODS
The primers and reaction conditions for specific amplification of the cytoplasmic proteins previously described were Cell Culture and Retinoid Treatment used [42] .
CC-1 cultures were maintained in Eagle's minimal essen-Establishment of CC-B Reporter Cell Line and Southern tial media (MEM) containing Earle's salts and L-glutamine Analysis (Cellgro, Mediatech, Herndon, VA) supplemented with nonessential amino acids, sodium pyruvate, and 10% fetal CC-1 cells were cotransfected with 10 mg of a reporter plasmid containing the coding sequence of the chloramphenbovine serum. Only lots of fetal bovine serum that contain undetectable concentrations (less than 10 08 M) of retinoic icol acetyl transferase (CAT) gene driven by the RARE from the RARb gene and the thymidine kinase (tk) promoter (b acid as determined by high-performance liquid chromatography (HPLC) were used.
RARE-tk-CAT) plasmid along with 1 mg of a plasmid containing the neomycin resistance gene pXT1 (Stratagene, La All-trans and 13-cis retinoic acid (both from Sigma, St. Louis, MO) were dissolved in ethanol, and 9-cis retinoic Jolla, CA). Resistant clones were selected in 400 mg/ml G418 and isolated. Genomic DNA isolated from G418 resis-When wet, these filters are sufficiently transparent to allow visualization of the cultures with light microscopy. Inserts tant clones was digested with restriction enzymes at KpnI and SphI sequences that flank the 1850-bp region containing containing the collagen gels were placed in individual wells of six-well tissue culture dishes containing media. The gels the CAT gene, tk promoter, and RARE. Digested DNA and known concentrations of parent CAT plasmid also digested then remained in the inserts throughout the culturing, fixing, and dehydrating procedures and were removed from the with KpnI and SphI were electrophoresed through a 1% agarose gel and transferred to a nylon membrane. The membrane inserts prior to paraffin embedding. All procedures were performed by hand to avoid damage to the cultures which was crosslinked with ultraviolet light, prehybridized, and subsequently hybridized with a 32 P-labeled CAT coding se-often occurs with automated procedures. Media and drugs were replenished every 2 days and processed after 7 days quence. The blot was washed and autoradiographed.
of treatment. All experiments were repeated twice and evalTransactivation Assay uated using immunohistochemistry as described below with similar results. The CC-B cell line, at a concentration of 4 1 10 5 cells per well, was used to inoculated six-well tissue culture Immunohistochemistry dishes. The cells were allowed to attach and then treated with retinoic acid or solvent the next day. After 48 hr of Sections (5 mm) of the paraffin-embedded organotypic culture blocks were stained with a commercially available treatment, cell extracts were prepared and CAT activity was assayed as previously described [43] with the exception that anti-EGF-R kit (Biopath, Oklahoma City, OK) according to manufacturer's instructions. Tissue sections from an EGF-R [ 3 H]acetyl CoA was used. Protein concentrations of the extracts were determined using the Bio-Rad protein assay positive undifferentiated adenocarcinoma of the breast which showed membrane staining were used as positive control. (Bio-Rad, Richmond, CA). In each experiment, the protein concentrations varied by less than 10% between extracts. The negative control consisted of the same breast carcinoma incubated with normal mouse IgG and no primary antibody. Relative CAT activities were derived by dividing the CAT activity by the protein concentration. Fold induction was
Image Analysis derived by dividing the relative CAT activity of the treated culture by that of the control culture. The results presented Quantification of EGF-R immunostaining was performed are the averages of three independent experiments.
with the CAS 200 Image Analysis System (Cell Analysis Systems, Inc., Elmhurst, IL), equipped with a Quantitative Growth Assay DNA Analysis software module [44] . The software was calibrated using the quantitative EGF-R assay (Oncogene SciSix-well tissue culture dishes were inoculated with a concentration of 2 1 10 4 CC-1 or CC-B cells per well. Twenty-ence, Uniondale, NY). The intensity of staining was measured in two solid-state image-sensing channels, one set to four hours after plating, the media were replenished and treatment was initiated. After 7 days, the number of cells identify nuclei stained with hematoxylin and the other set for EGF-R stained with fast red. For each slide, 10 separate per well in the treated and control cultures was determined using a particle counter (Coulter ZM, Miami, FL). At this visual fields were analyzed and the results presented as averages of picograms of EGF-R protein per cell. All of the time, neither the cells in the treated nor those in control cultures had reached saturation density. Percentage growth specimens were evaluated in one session with the same calibration settings. The repeat experiment was evaluated sepawas determined by dividing the number of cells in the treated cultures by that in the control cultures and multiplying by rately and similar results were obtained. All determinations were performed in a blinded fashion. 100. The results presented are the averages of three independent experiments. Proliferation of retinoic acid-treated cultures compared to control cultures was statistically evaluated RESULTS with a one-way analysis of variance using SPSS version 6.1
Expression of Nuclear Receptors and Cytoplasmic Binding software.
Proteins Organotypic Cultures
The specificity of the primers and reaction conditions used to amplify each nuclear receptor sequence are demonstrated A modification to the previously published procedure for preparing organotypic cultures was made to lessen the tech-in Fig. 1 . These reaction conditions were used in RT-PCR analysis of RNA isolated from CC-1 cells cultured in the nical difficulty associated with manipulating the collagen gels [40] . Instead of transferring the gels from six-well presence or absence of 1 mM all-trans retinoic acid ( Fig.  2A) or 9-cis retinoic acid (data not shown). RNA isolated plates onto metal grids, they were allowed to form in 25-mm Falcon cell culture inserts containing filters that have from another cervical tumor cell line, SiHa, which is representative of a high grade tumor [40] , was also evaluated 0.80-mm pores (Becton -Dickinson, Franklin Lakes, NJ). (Fig. 2) 
Expression of CRBPI and CRABPII was observed in both CC-1 and SiHa cells in the presence and absence of 9-cis or all-trans retinoic acid (Fig. 2B) . Expression of CRBPI was not detected (data not shown). Expression of CRBPII could not be evaluated because this gene has not yet been cloned from human DNA.
Establishment of a Reporter Cell Line
The RARE found in the RAR b gene was chosen for this study because it is transactivated by all-trans retinoic acid in the presence of RAR homodimers, RAR/RXR heterodimers, and the RXR homodimer [33, 39] . Our first attempts to evaluate retinoid activation of endogenous receptors using the bRARE-tk-CAT reporter plasmid in transient transfection assays resulted in low levels of CAT induction. These levels did not provide adequate sensitivity to evaluate differ- CC-1 permanently transfected with the reporter gene would provide a more sensitive assay because 100% of the cells would contain the transfected DNA. In addition, use of a reporter cell line would eliminate the variability due to cellular trauma resulting from the transfection procedure. Therefore, the bRARE-tk-CAT plasmid was permanently transfected into CC-1 cells and the presence of the CAT reporter gene in two of five established clones was demonstrated with Southern analysis (Fig. 3) . Clone 2 (called CC-B) was arbitrarily chosen for this study and monitored out to passage 35 with no significant increases or decreases in growth rate or basal level CAT expression observed (data not shown).
Retinoid treatment of the CC-B cell line resulted in a dose-dependent induction of CAT reporter activity (Fig. 4) . The degree of induction depended on the isomer and concen- weakest activity at all concentrations tested. all-trans, 9-cis, or 13-cis retinoic acid was dependent on the concentration used (Fig. 5) . At 10 09 M, the 9-cis isomer significantly stimulated growth (P õ 0.05). At concentra-thetic retinoid [46] in the growth and RARE transactivation tions greater than 10 07 M, growth was significantly inhibited assays was compared to the activities observed for the three by all three isomers (P õ 0.05). CC-B monolayer cultures retinoic acid isomers at this concentration. A scatter graph exhibited the same growth rate and response to retinoic acid of retinoid effects on growth versus RARE transactivation as the parent CC-1 line (data not shown).
for each retinoid demonstrated a significant correlation of the The concentration of 10 06 M was chosen for further analy-two activities with a correlation coefficient of 0 0.96 (Fig. 6 ). sis because it exhibited the greatest differential in RARE receptors that we observed in CC-1 cells is the same as that observed in normal ectocervix [54] . This similarity to normal cervix and to another cervical tumor cell line, SiHa, demonstrates that CC-1 exhibits a biologically relevant pattern of receptor expression.
Inhibition of EGF-R Expression in Organotypic Cultures
Activation of the nuclear receptors was demonstrated by a retinoid-specific and dose-dependent transactivation of a RARE in a stable transfectant of CC-1. The use of a reporter cell line represents a more biologically relevant assay for receptor activation than transient transfection assays. In the reporter line, both the receptors and the DNA encoding the RARE are in a more natural state, because promoters located in chromatin and endogenous receptors are evaluated. On  FIG. 6 . Correlation of retinoid activities in the RARE transactivation the other hand, in transient transfection assays the receptors assay with effects on growth and EGF-R expression. Scatter graphs of are overexpressed from cDNA clones and the promoters are the percentage growth or EGF-R expression versus RARE transactivation located in naked DNA.
exhibited by cultures treated with each retinoid were drawn and the equaThe concentration-dependent stimulation versus inhibition tions and correlation coefficients derived using Harvard Graphics 3.0.
of growth observed with 9-cis retinoic acid echoes previous reports. This growth pattern was also observed for anchorage-independent growth of normal human keratinocytes or the synthetic retinoid. Expression of EGF-R protein was treated with retinoic acid [26] . A biphasic concentrationmeasured in these cultures with immunohistochemical and dependent effect of retinoic acid on growth was also ob-CAS analysis. Retinoid treatment decreased EGF-R expresserved in monolayer cultures of prostate carcinoma cell lines sion in these cultures to different extents depending on the [55] . Therefore, the dose of retinoids given may be critical retinoid used. A scatter graph of retinoid effects on EGFfor clinical use of these agents. The in vitro data suggest R expression versus RARE transactivation demonstrated a that the traditional strategy of Phase I trials, to determine statistically significant correlation of the two activities with the maximally tolerated dose, may not be appropriate for a correlation coefficient of 0 0.92 (Fig. 6 ). Retinoid activities optimizing retinoid chemotherapies. in growth and EGF-R assays also correlated although with
The opposite effects of low and high concentrations of a lower, less significant correlation coefficient of 0.83.
retinoic acid on CC-1 growth rate may be due to differing levels of RARE transactivation and AP1 transrepression. DISCUSSION The ability of retinoids to inhibit transactivation of AP1 sequences is a potential mechanism for retinoid growth reguIn this study, we demonstrate the biologically relevant composition and response of the retinoid signaling pathway lation. This inhibition occurs through a retinoid-dependent physical interaction of the retinoid receptors with the tranin the CC-1 cervical tumor cell line. In normal cervical epithelia, CRBPI is expressed throughout all cell layers, and scription factors that transactivate AP1 sequences, cJun and cFos [56] . Synthetic retinoids which retain AP1 transrepres-CRABPI expression is inversely correlated with differentiation [47, 48] . Although CRABPII expression has not been sion activity but lack the RARE transactivation activity (dissociating retinoids) inhibit anchorage-independent growth of evaluated in cervical epithelia, its expression in skin equivalent was observed to be enhanced with differentiation [49] . Ki-ras-transformed 3T3 cells [57] . This demonstrates that the anti-AP1 activity of retinoids contributes to the mechaTherefore, CRBPI and CRABPII expression, but lack of CRABPI expression in CC-1 is consistent with what would nism of growth inhibition. It does not, however, eliminate the possibility of a contribution by the RARE transactivation be expected of a cell line capable of differentiation [40] .
The expression patterns of nuclear retinoic acid receptors activity of retinoids to the mechanism of growth inhibition. EGF-R is a potential candidate for the mediator of retinoid in a given cell type will dictate its specific response to retinoid treatment. Alterations in the expression pattern could and HPV regulation of growth in cervical cells. This has been evaluated in the C4-1 cervical carcinoma cell line which result in deregulation of growth and differentiation which would contribute to tumorigenic progression. In agreement expresses high levels of EGF-R [58]. The rapid growth rate of this line is dependent upon expression of the viral E6 and with this, loss or decreased expression of RARb has been observed in tumors of the lung, oral cavity, and mammary E7 genes [59] . EGF-R expression levels in C4-1 have been shown to correlate with the growth rate but not with expresgland [50] [51] [52] [53] . In normal ectocervical epithelium, however, RARb is not expressed, while other receptors, RARa, sion of E6 and E7 [58] . Therefore, the high levels of EGF-R expression observed in HPV-infected cells may be a conRXRa, and RXRb, and to a lesser extent RARg are expressed [54] . The expression profile of nuclear retinoic acid sequence of increased proliferation and not directly caused 
